Circular photogalvanic effect under interband absorption in quantum wells is considered. The photocurrent is calculated as a function of light frequency for direct transitions between ground electron and hole size-quantized subbands. It is shown that the current spectrum near the absorption edge depends dramatically on the form of spin-orbit interaction: it is a linear function of photon energy in the case of structure inversion asymmetry induced spin-splitting, and it has a parabolic dependence when bulk inversion asymmetry dominates. At higher energies, the existence of a peak in the photocurrent spectrum is predicted.
INTRODUCTION
Circular photogalvanic effect is a transformation of the photon angular momentum into a directed motion of charge carriers. This leads to an appearence of electric current under absorption of a circularly-polarized light. The photocurrent reverses its direction under inversion of the light helicity, and its magnitude is linear in the absorbed radiation intensity.
Microscopically, the circular photocurrent appears owing to a correlation between the orbital and spin degrees of freedom. In bulk semiconductors and nanostructures, the correlation is a consequence of the spinorbit interaction. This makes investigations of photogalvanic effects very important since spin properties attract now big attention in connection with interesting proposals of spintronic devices.
Photogalvanic effects in nanostructures started to be investigated recently [1] . However the experiments were performed only under intraband excitations. This technique is not commonly used, and measurements in this frequency range can be done only in a few laboratories around the world. Optical range is more suitable for optical study of semiconductors and nanostructures. The present work is devoted to a development of the corresponding theory.
THEORY
Let us consider optical excitation of a quantum well (QW) by a circularly-polarized light. We investigate here the contribution to the photocurrent arising owing to the asymmetry of the momentum distribution of carriers in the moment of creation. The electric current is expressed in terms of the velocity operators and spin density matrices of electrons and holes:
Here e is the electron charge, i = x, y are the directions in the plane of QW, and the growth axis z coincides Here Te and 'rh are the momentum relaxation times of electrons and holes, hw is the photon energy, M5 is the matrix element of the direct optical transition between the subbands n and s, and the energy dispersions E,3(k) are reckoned inside the bands. Spin splittings of electron or hole subbands give rise to the circular photogalvanic effect. In order to have non-zero photocurrent, it is enough to include spin-orbit interaction for only one kind of carriers. Here we take into account spin-orbit splitting in the conduction band. In QWs, it is described by a linear in the wavevector Hamiltonian H(k) = 3jcrkj , Tensor 3 is determined by the symmetry of the QW. Since we consider a zinc-blende structure, there is a contribution due to bulk inversion asymmetry (BIA). It is known as the Dresseihaus term, and non-zero components of /3 in this case are i3 = I3yy . The QW could be asymmetrical due to inequivalence of the right and left interfaces, electric fields along z direction etc. Such structure inversion asymmetry (SIA) leads to additional contribution to the spin-orbit Hamiltonian, the so-called Rashba term:
/3xy = I3yx .
(16.5)
Taking into account Eq. (16.3), the two electron states with a given wavevector have linear in k splitting L = 2/(/3ikj)2 + (31k1)2. Two hole states with a given k are assumed to be degenerate. In the spherical approximation and for infinitely-deep QW, they have the dispersion Eh(k), and their wavefunctions are given in [2] . Calculating the reduced density of states, optical matrix elements and velocity operators, and assuming the splitting L to be small, we get the expression for the interband photocurrent jj(W) PCA ()2eyeiioi G(k) . Here 0 is the light propagation direction, P is the circular polarization degree, P is the Kane matrix element, A0 is the light wave amplitude, and k is the wavevector of a direct optical transition satisfying the energy conservation low
where Ee (k) 5 the parabolic electron dispersion without spin-orbit corrections.
The frequency dependence of the photocurrent is given by the function G(k)
(16.9) me me where vh(k) = /r1dEh(k)/dk, me is the electron effective mass, and the expressions for the coefficients N, Q+ and W are given in [2] .
The first term in Eq. (16.8) appears because the direct transitions to the upper (lower) spin branch take place at a wavevector slightly smaller (larger) than k, and the second term appears because the two electron spin states with the same k have different velocities.
The factor (k) depends on the form of a spin-orbit interaction:
eBIA=', SIA11/W+. This conclusion opens a possibility to distinguish experimentally which kind of asymmetry is dominant in the studied structure, BIA or SIA. This could be done by studying increase, quadratic or linear, of the circular photocurrent with light frequency near the absorption edge. One can see the linear and quadratic raising of the current near the edge in accordance to Eq. (16.11). At higher energy, a peak is present in the spectrum. It takes place at hw -Eg 100 meV, which corresponds to excitation of carriers with k 2/a. At this point the hhl energy dispersion has an anti-crossing with hh2 one. This causes reconstruction of the hole wavefunctions and, hence, big changes in the dependence G(k).
RESULTS AND DISCUSSION
Since other size-quantized hole subbands are located near the hhl, the transitions from hh2, lhl, hh3 states to el in the range hw -Eg 200 meV take place. This complicates the photocurrent spectrum and makes it different from one presented in Fig. 1 . The relevant contributions will be calculated and published elsewhere.
CONCLUSION
We have considered the two cases when either BIA or SIA dominates. However the situations are possible when both types of asymmetry are present. The analisys shows that the corresponding spin-orbit terms give non-additive contributions to the photocurrent as they do in other spin-dependent effects in QWs like weak localization and spin relaxation. We plan to investigate BIA and SIA interference in the photogalvanic effect in the near future.
